Four nutritionally impaired strains of Mycobacterium bovis produced by illegitimate recombination were tested for their ability to protect guinea pigs against intratracheal challenge with virulent M. bovis. All four strains and M. bovis BCG induced significant levels of protection as measured by the reduced spread of infection to the spleen and liver. In animals vaccinated with BCG or two of the other strains, the bacterial counts from the lungs were significantly lower than those of the nonvaccinated animals.
Mycobacterium bovis, a member of the Mycobacterium tuberculosis complex, is the principal cause of tuberculosis in domestic animals and can produce human disease which is indistinguishable from that caused by M. tuberculosis. M. bovis and M. tuberculosis are genetically very similar (15) , and the widely used human tuberculosis vaccine, BCG, is an M. bovis strain that became attenuated for unknown reasons during extended subculturing. In many industrialized countries, M. bovis has been eradicated from cattle or reduced to very low levels through the implementation of control programs based on test-and-slaughter principles. Bovine tuberculosis continues to be a major problem in countries which cannot afford such programs or where these programs have been only partially effective due to wildlife reservoirs of infection (12) . Important reservoirs of M. bovis infection include the badger in the United Kingdom and the brushtail possum in New Zealand. In these countries, vaccination is being investigated in order to achieve more effective control of the disease (1, 4, 11) . The variable effectiveness of the currently available vaccine reduces its usefulness for controlling bovine tuberculosis in cattle or wildlife (5, 12) and necessitates the development of a better vaccine. A better tuberculosis vaccine for animals will likely also have application for use in humans.
Four nutritionally impaired strains of M. bovis were selected, from a group of 440 M. bovis mutants produced by illegitimate recombination, on the basis of their inability to grow in minimal medium (16) . The strains were shown to be avirulent for guinea pigs following the subcutaneous inoculation of 10 6 CFU. In the present study, we examined the potential of these strains to protect guinea pigs against subsequent intratracheal challenge with a virulent M. bovis strain (WAg201) originally isolated from a cow and previously used in this laboratory (17) . Groups of four to eight Duncan-Hartley guinea pigs weighing 700 to 900 g were vaccinated by subcutaneous injection in the right flank with 10 5 CFU of either one of the nutritionally impaired strains or BCG. A control group of 10 animals was not vaccinated. Eight weeks postvaccination, all animals were each anesthetised by an intramuscular injection of 3 mg of ketamine hydrochloride (Parnell Laboratories, Auckland, New Zealand) per kg of body weight and 2.5 mg of xylazine hydrochloride (Rompun; Bayer, Auckland, New Zealand) per kg. Then they were challenged with 10 2 CFU (0.1 ml) of virulent M. bovis WAg201 introduced through the mouth into the trachea via a cannula. As an additional control, 10 5 CFU of each nutritionally impaired strain was inoculated subcutaneously into three guinea pigs that were not challenged.
All animals were sacrificed 13 weeks after vaccination. The following parameters of infection were measured: the number and distribution of macroscopic and microscopic lesions, the weights of the spleens, and the number of M. bovis CFU present in the lungs, spleen, and liver. M. bovis CFU were determined by a plate count procedure. Delayed-type hypersensitivity to tuberculin was measured immediately before vaccination and prior to sacrifice. Bovine purified protein derivative (4 U; Ministry of Agriculture and Forestry, Central Animal Health Laboratory, Auckland, New Zealand) was injected intradermally, and the diameter of the erythema was measured 24 h later. No delayed-type hypersensitivity reactions were observed when the animals were tested prior to being inoculated with mycobacteria. There were no statistical differences as determined by an analysis of variance (ANOVA) among the skin test responses of the groups of challenged animals, including the nonvaccinated group, when they were examined immediately prior to being sacrificed. The responses ranged from 12.9 to 20 mm in diameter.
Macroscopic lesions consistent with tuberculosis were ob- Tables 1 and 2 and Fig. 1 . The four nutritionally impaired strains and BCG all gave significant levels of protection (P Ͻ 0.05) as measured by spleen weights (data not shown), number of macroscopic and microscopic spleen and liver lesions, and number of M. bovis CFU isolated from the spleen and liver. Analyses of spleen weights and numbers of macroscopic and microscopic lesions were undertaken with ANOVA of raw data, while analyses of bacterial counts were conducted with ANOVA of log 10 -transformed data. Significant differences in lung CFU were observed between the nonvaccinated group and the groups vaccinated with either BCG or one of the nutritionally impaired strains WAg520 and WAg522.
No macroscopic or microscopic lesions were observed in the spleens, livers, or lungs of the control animals that were vaccinated with the nutritionally impaired strains but were not challenged with virulent M. bovis. No M. bovis organisms were isolated from the spleens of these animals. These results are comparable to those of our earlier study of virulence, in which a 10-fold-higher dose was inoculated (16) .
The results of this study support the use of nutritionally impaired strains as vaccines for tuberculosis. All four nutritionally impaired strains and BCG gave significant levels of protection, as demonstrated by the reduced spread of infection to the spleen and liver. A significant reduction in the bacterial lung counts, compared with those in the unvaccinated animals, was also observed in the guinea pigs vaccinated with two of the nutritionally impaired strains and BCG. The recent study of Baldwin et al. (3) demonstrated that certain vaccine strategies against M. tuberculosis may reduce the bacterial burden but exacerbate pulmonary pathology. A limitation of our study was that material was not available to determine whether the nutritionally impaired mutants influenced the development of necrotizing lesions in the lungs.
Despite its drawbacks, BCG remains the standard against which all new vaccines will ultimately be measured. Currently, no subunit or DNA vaccine has been shown in animal experiments to induce greater levels of protection against tuberculosis than BCG, and in most cases they provide less protection than BCG (2, 6, 13) . These nonliving vaccines also have the disadvantage of requiring multiple vaccinations, in contrast to BCG (3, 8, 9 ) and the nutritionally impaired strains examined in this study. A concern about live tuberculosis vaccines is that the organisms may multiply unchecked in some immunocompromised animals. A recent study by Guleria et al. (7) has shown that nutritionally impaired leuD mutants of BCG have the potential to be safe even in very immunocompromised animals, such as SCID mice.
A notable feature of three of the nutritionally impaired strains and BCG is that compared to M. tuberculosis, they have major DNA deletions of between 10 and 65 kb (10, 14, 16) . These large deletions do not all occur in the same place in the chromosome, indicating that there are many genes which are not required for in vitro growth but are essential for the maintenance of virulence. The remaining nutritionally impaired strain, WAg520, has only a 2-bp deletion in a possible undecaprenol kinase gene, and this strain was one of two nutritionally impaired strains which produced significant protection in the lungs. In contrast to BCG, the nutritionally impaired strains have genetic changes that have been found by identifying alterations to the parent strain. Although some major deletions of DNA in BCG have been identified (10, 14) , the possibility of smaller genetic changes has not been excluded. In the absence of the parent strain of BCG or the complete genome sequence of BCG, the identification of all such changes will be difficult. New live vaccines against tuberculosis are likely to be acceptable for routine use only if their genetic changes have been precisely defined. While the major challenge remains identifying the portions of the chromosome which can be inactivated to produce the safest and most efficacious tuberculosis vaccine, the results of this study demonstrate the potential of nutritionally impaired strains of members of the M. tuberculosis complex to be effective and safe vaccines against tuberculosis.
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